Abstract -This paper proposes a control strategy for marine propulsion systems using the open-end winding configuration of induction motor. It uses the concept of imaginary switching times for space vector pulse width modulation (SVPWM) with direct torque control (DTC). The imaginary switching times greatly simplifies the algorithm. This method also eliminates the procedure for identifying the region for space voltage vector. Also, it does not require the sectors and angle identification of the voltage vector. Two independent two-level inverters feed power from both the ends of the three-phase stator windings. This applies a 3-level line voltage waveform to the machine. This reduces the torque ripple with improvement in current spectrum. In order to restrict the zero sequence currents, two isolated dc sources are considered. Simulation studies have been carried out for the proposed scheme. Experimental results have been presented to validate the viability of the scheme.
I. INTRODUCTION
Though induction motors are already in use for the auxiliary systems for ships/submarines, it has not been used for main propulsion motors. DC motors are preferred for this purpose due to their inherent speed control capability. But these motors require regular maintenance and have low torque to weight ratio. Due to various advancements in power electronics, it is now possible to use the induction motor drive for a wide range of speed with a fast dynamic response. Therefore it is proposed that open-end winding induction motor with direct torque control can be an alternative for marine propulsion system. This will greatly reduce the maintenance and increase the energy density and torque to weight ratio. With rapid developments in the field of engineering, especially in power electronics, a concept of electric warship [1] [2] [3] [4] [5] [6] has emerged. In electric warship, most of the mechanical equipments are replaced by their electrical counterparts. Recent literature suggests that many developed countries have understood the advantages of the electric warship and are coming forward to upgrade, procure/commission their marine systems with this technology.
Induction motor drives are becoming popular for low and medium power in various industry applications. However, a single 2-level inverter is not suitable to supply the power to the high rating motor. This is due to the limitation of the device ratings. Multilevel inverters can overcome this problem. These inverters increase the complexity in the control algorithms. Open-end winding configuration of induction motor fed by two separate conventional inverters with IGBT as switching devices reduces these problems. This configuration has been proposed for marine propulsion system with direct torque control (DTC). Direct torque control of induction motor was proposed around two decades ago [8] - [9] . The scheme presented in [8] was implemented for high power applications using an induction motor having open-end winding configuration [10] . However, the DTC technique presented in [10] results in:
• Torque and speed fluctuations which lead to acoustic noise and vibrations. • Higher ripple in the stator current that can cause power loss and hence heating of the machine.
• Use of a three-phase reactor to reduce the zerosequence current, make the system bulky. Various control techniques for the inverter-fed induction motor drive with open-end windings are also discussed in [11] [12] . Direct Self Control technique has been proposed for this machine with open-end winding configuration [13] [14] [15] . Both ends of the stator winding are connected to two three-level inverters. The use of a three-level inverter at both ends improves the performance of the machine but will leads an increase in cost and complexity. Also a reactor has been used on the AC/DC side to reduce the flow of zero sequence currents. In [16] [17] , the open-end winding configuration has been proposed for high power electric vehicle/hybrid electric vehicle (EV/HEV) propulsion systems. In [18] , space vector pulse width modulation technique is used to control the output voltage of both the inverters connected at both ends of the motor winding. It is to be noted that the switching frequency capacity of both the inverters is same. In [19] a scheme is proposed for direct torque control of induction motor with openend winding configuration. The reference voltage vector is controlled by space vector PWM technique. This method reduces the switching frequency of one of the inverters by clamping it for one sampling interval. But this control strategy is complex due to identification of the region since the entire region is divided in 24 small regions. In order to reduce the complexity in identifying the region, a simpler method is proposed in [20] . But in this method, entire region is further divided into seven smaller regions. In order to simplify the control strategy, a method for open-end winding configuration is proposed with SVPWM using the concept of imaginary switching times. It does not require any sector or sub-sector identification. It greatly simplifies the control strategy. Also, the switching frequency of both the inverters can be same.
The proposed control strategy maintains all the advantages of all electric ship (AES) such as improved survivability, reduced signature etc. [7] . In addition to this it generates three level voltages, which again decreases the torque ripple and improved current harmonic spectrum. Since there are two independent two-level inverters, the total possible generated vectors will be 
IV. PROPOSED CONTROL STRATEGY
The reference stator flux can either be derived from the reference speed or it can be controlled independently, while the position of the reference flux space vector can be derived from the torque error and actual rotor speed. Torque error is proportional to slip speed as explained in [8] The first component at nominal condition is 5 percent of rated load torque [24] . It is assumed constant throughout the range for the purpose of simplicity. The second one is proportional to the square of angular speed [25] . Therefore the load torque of the marine propulsion systems can be expressed as:
Here the parameters are chosen as:
Simulation studies have been carried out for the proposed method using MATLAB-SIMULINK. Induction motor parameters used for simulation are given in APPENDIX. In Fig. 6 , stator D-Q axis flux is plotted while in figure 7 , results have been shown for the starting of the motor with a reference speed command of 900 rpm at loaded condition and also at t=2 sec a command of sudden stop is applied. Figure  8 shows the phase R voltage i.e. between R and R′. It shows that three-level voltages are generated by two two-level inverters. 
VI. EXPERIMENTAL SETUP AND RESULTS
The prototype of the system is built and tested on 1.1 kW induction motor. Two Semikron B6C/600/415-10F inverters are connected at both the ends of the induction motor stator windings. Two isolating transformers are used to generate two DC sources. TMS320F2407A eZdsp starter kit is used to implement the control strategy. At present, the results are for the open loop configuration. Figure 9 shows phase voltage between R & R' and phase current at R & R′ for the same phase. The nature of phase voltage in this figure validates the simulation result that is shown in Figure 8 . It also confirms the generation of three level voltages that improves the performance and reduces ripples in the electromagnetic torque. Figure 10 shows the stator d-q axis flux in the stationary reference frame and this is the actual flux in the DSP environment. This confirms the simulated result of Figure 6 . A control strategy for marine propulsion is proposed. It satisfies the requirement of low harmonics and reduced torque ripples because this method produces the three-level inverter with lesser complexity compared to the multi-level inverter. It is suitable for high power application. Also the proposed control strategy is very simple as it does not require dividing the operating region into sub-sectors/sectors. Determining the sectors and angle of voltage vector is eliminated. Both the inverters operate at same switching frequency. It indirectly generates the threelevel voltage by using the two 2-level inverters at both ends of the stator winding. Due to the three level voltage generation, torque and current waveforms are superior to that of basic direct torque control scheme. The proposed strategy is also suitable for battery operated propulsion systems such as submarines. It eliminates the requirement of zero sequence reactors or isolating transformers. The performance of the proposed control strategy improves towards full load as both the inverters are operated and equally loaded. In case of light load conditions, both the inverters will be operational which leads to an increase in switching losses. In order to limit these losses, the authors have proposed [19] [20] clamping methods in which one of the inverters is clamped for entire switching period to a particular voltage vector.
This strategy will greatly reduce the maintenance cost due to the advantages associated with the induction motor. Direct torque control strategy will improve the speed control capability and dynamic response. There are two inverters connected across both the ends of the stator winding. This has another advantage of controlling the induction motor by using only one inverter in the light load condition or in emergency. 
